TGF␤ is a multifunctional cytokine that regulates cell proliferation, cell immortalization, and cell death, acting as a key homeostatic mediator in various cell types and tissues. Autophagy is a programmed mechanism that plays a pivotal role in controlling cell fate and, consequently, many physiological and pathological processes, including carcinogenesis. Although autophagy is often considered a pro-survival mechanism that renders cells viable in stressful conditions and thus might promote tumor growth, emerging evidence suggests that autophagy is also a tumor suppressor pathway. The relationship between TGF␤ signaling and autophagy is context-dependent and remains unclear. TGF␤-mediated activation of autophagy has recently been suggested to contribute to the growth inhibitory effect of TGF␤ in hepatocarcinoma cells. In the present study, we define a novel process of TGF␤-mediated autophagy in cancer cell lines of various origins. We found that autophagosome initiation and maturation by TGF␤ is dependent on the retinoblastoma tumor suppressor protein/E2 promoter binding factor (pRb/E2F1) pathway, which we have previously established as a critical signaling axis leading to various TGF␤ tumor suppressive effects. We further determined that TGF␤ induces pRb/E2F1-dependent transcriptional activation of several autophagy-related genes. Together, our findings reveal that TGF␤ induces autophagy through the pRb/E2F1 pathway and transcriptional activation of autophagy-related genes and further highlight the central relevance of the pRb/E2F1 pathway downstream of TGF␤ signaling in tumor suppression.
TGF␤ is a multifunctional cytokine that regulates cell proliferation, cell immortalization, and cell death, acting as a key homeostatic mediator in various cell types and tissues. Autophagy is a programmed mechanism that plays a pivotal role in controlling cell fate and, consequently, many physiological and pathological processes, including carcinogenesis. Although autophagy is often considered a pro-survival mechanism that renders cells viable in stressful conditions and thus might promote tumor growth, emerging evidence suggests that autophagy is also a tumor suppressor pathway. The relationship between TGF␤ signaling and autophagy is context-dependent and remains unclear. TGF␤-mediated activation of autophagy has recently been suggested to contribute to the growth inhibitory effect of TGF␤ in hepatocarcinoma cells. In the present study, we define a novel process of TGF␤-mediated autophagy in cancer cell lines of various origins. We found that autophagosome initiation and maturation by TGF␤ is dependent on the retinoblastoma tumor suppressor protein/E2 promoter binding factor (pRb/E2F1) pathway, which we have previously established as a critical signaling axis leading to various TGF␤ tumor suppressive effects. We further determined that TGF␤ induces pRb/E2F1-dependent transcriptional activation of several autophagy-related genes. Together, our findings reveal that TGF␤ induces autophagy through the pRb/E2F1 pathway and transcriptional activation of autophagy-related genes and further highlight the central relevance of the pRb/E2F1 pathway downstream of TGF␤ signaling in tumor suppression.
TGF␤ is a multifunctional cytokine that is involved in the regulation of numerous diverse fundamental biological processes, including cell proliferation, differentiation, immortalization, and apoptosis, in a context-and cell-specific manner (1) (2) (3) . TGF␤ is a key mediator in the maintenance of homeostasis between cell growth and cell death and the growth inhibitory and pro-apoptotic effects of TGF␤ have been described in various cell types, including epithelial cells, hepatocytes, and hematopoietic cells, among others (4 -11) .
Autophagy is an evolutionarily conserved process by which a cell self-digests its own cytoplasmic materials, including longlived or malfunctioning proteins and damaged organelles, through a lysosomal degradative pathway in response to various stress conditions (12, 13) . Briefly, the general mechanism of autophagy involves the formation of a double membranebound vesicle called an autophagosome that envelops and sequesters a targeted region of the cell. The autophagosome then fuses with a lysosome, forming an autolysosome, in which hydrolases digest the sequestered contents to metabolites that are recycled for biosynthesis in the cell (14) . As such, autophagy is often considered a pro-survival mechanism, protecting cells and maintaining homeostasis under poor nutrient conditions or cell stress (15) . However, autophagy has also been implicated in several vital biological processes, including aging, cellular remodeling, pathogenic infection, and programmed cell death (12, 15) .
In addition to normal cell growth and homeostasis, autophagy has been implicated to play a protective role in preventing the progression of a number of human diseases, including muscular disorders, neurodegeneration, and cancer (14, 16 -19) . Autophagy in fact plays a dual and opposing role in cancer, demonstrating evidence of both tumor-promoting and tumor suppressive functions in a context-dependent manner. Although many studies support a role for autophagy in maintaining tumor cell survival in response to metabolic stress or hypoxia, thus promoting the growth of solid tumors (20 -23) , mounting evidence suggests that autophagy is intrinsically a tumor suppressor pathway (24 -28) . Moreover, alterations in numerous key autophagy-related genes have been linked to various human cancers, and mice deficient for these genes are prone to tumor development (29 -32) . However, the mechanisms underlying how autophagy suppresses cancer have not been well established.
Interestingly, TGF␤ has recently been shown to also induce autophagy (33) . TGF␤ signals through serine/threonine kinase receptors that recruit and phosphorylate the canonical downstream mediators, the Smad proteins, inducing Smad nuclear translocation to regulate target gene expression. Nuclear Smad complexes interact with various co-activators or co-repressors, which are differentially expressed in different cell types and are thus thought to provide a basis for tissue-and cell type-specific functions of TGF␤ ligands (34, 35) . Alternatively, TGF␤ activates other intracellular signaling pathways independently of the Smads. These include the stress-activated kinases p38 and JNK, MAPK, ERK, and PI3K/Akt pathways (36) .
In a recent study, we identified the retinoblastoma tumor suppressor protein/E2 promoter binding factor (pRb/E2F1) pathway as a major signaling axis leading to apoptosis downstream of TGF␤ in a number of cell types and in both normal and cancer cells (6) . We found that TGF␤ recruits E2F1 into transcriptionally active pRb-E2F1-p300/CBP-associated factor (P/CAF) complexes, increasing the expression of multiple proapoptotic target genes and inducing programmed cell death. Intriguingly, the pRb/E2F pathway appears to also be required for a number of other TGF␤ tumor suppressive responses. Indeed, TGF␤-mediated growth inhibition involves E2F4/5 recruitment into repressive pRb family member-E2F-HDAC complexes that target key cell cycle regulators, such as cdc25a (5) and c-myc (4, 37) , preventing cell cycle entry. Although E2F4-p130 complexes and E2F4/5-p107 complexes bind to the cdc25a and c-myc promoters, respectively, pRb is not involved in this process. Moreover, we also previously found that TGF␤ induces E2F1 recruitment into repressive E2F-HDAC complexes, inhibiting hTERT expression, thereby preventing cell immortalization (38) . Kiyono et al. (33) previously showed that activation of autophagy may in fact contribute to TGF␤-mediated tumor suppressive effects. They found that TGF␤ induces autophagy and enhances the degradation of long-lived proteins. Moreover, they showed that induction of autophagy relies on both Smaddependent and Smad-independent signaling and proceeds via transcriptional activation of a number of autophagic genes in hepatocellular carcinoma cells, potentiating the tumor suppressive effects of TGF␤ in these cells. In addition to cancer cells, TGF␤ has been shown to induce autophagy in mammary and renal epithelial cells, as well as mesangial cells (39 -41) . These studies provide emerging evidence for a novel TGF␤mediated tumor suppressive pathway, although the precise mechanisms and therapeutic implications thereof remain to be fully elucidated.
Having previously identified the pRb/E2F pathway as a critical regulator of TGF␤-mediated tumor suppressor effects in both preventing cell immortalization (38) and inducing apoptosis (6), we investigated the potential role of this pathway in TGF␤-mediated autophagy. We found that TGF␤ activates autophagy in various cancer cell lines and that these effects are dependent on E2F1 and pRb. Moreover, our results indicate that TGF␤ may regulate autophagy through pRb/E2F1-dependent transcriptional activation of multiple autophagy-related genes that function at various stages in the autophagy process. These data further support the crucial role for pRb/E2F signaling as a potent tumor suppressive pathway downstream of TGF␤.
Experimental Procedures
Cell Culture and Transfections-HuH7, HepG2, and Hep3B cell lines, as well as H1299 cells stably expressing GFP-LC3 (gift from Dr. Gordon Shore, McGill University) were cultured in DMEM (HyClone), and WM278 cells in RPMI 1640 (HyClone). Medium for all cells was supplemented with 10% FBS (HyClone) and 2 mM L-glutamine (Wisent), and the cells were grown at 37°C in 5% CO 2 conditions. To generate HuH7 cell lines stably expressing GFP-LC3, cells were transfected with pEGFP-LC3 (Addgene plasmid 21073) using Lipofectamine TM 2000 reagent (Life Technologies), and G418-resistent colonies were screened for expression of GFP-LC3. Prior to treatment, cells were serum-starved for 24 h, and all stimulations were done in serum-free medium containing 100 pM TGF␤1 (Peprotech). Cells were transiently transfected with different siRNAs against E2F1, E2F4 (Ambion), pRb, or P/CAF (Sigma-Aldrich), or with wild-type and mutant E2F1 expression vectors using Lipofectamine TM 2000 reagent (Life Technologies), according to the manufacturer's instructions.
Immunoblotting-Cells were lysed in cold radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA), containing 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 5 g/ml aprotinin, 2 g/ml leupeptin, and 1 g/ml pepstatin. Lysates were separated by SDS-PAGE, transferred to nitrocellulose, and incubated with the specified antibodies overnight at 4°C: anti-Beclin1 (Novus Biologicals), anti-LC3 (Novus Biologicals), anti-p62 (Santa Cruz Biotechnology), anti-E2F1 (KH95) (Santa Cruz Biotechnology), and anti-␤-tubulin (Sigma). Following primary antibody incubation, membranes were washed twice in TBST (50 mM Tris-HCl, pH 7.6, 200 mM NaCl, 0.05% Tween 20) and incubated with secondary antibody coupled to horseradish peroxidase (Sigma) at 1:10,000 dilution for 1 h at room temperature. Membranes were then washed in TBST four times for 15 min. Immunoreactivity was revealed by chemiluminescence and detected using an Alpha Innotech Fluorochem Imaging system (Packard Canberra).
Subcellular Localization of LC3-Cells expressing EGFP-LC3 were fixed with 4% paraformaldehyde, and the change in the LC3 localization was examined using a Zeiss LSM-510 Meta Axiovert confocal microscope. Autophagy was measured by quantitation of the GFP-LC3 puncta as described by Klionsky et al. (42) The areas of GFP-LC3 puncta were analyzed using ImageJ software (National Institutes of Health), and a minimum of 100 cells from three independent experiments was counted for quantitative analysis.
RNA Isolation and Real Time Quantitative PCR-Total RNA was isolated from cell lines using TRIzol reagent (Invitrogen) and reverse transcribed using random hexamers and Moloney murine leukemia virus reverse transcriptase (Invitrogen), as per the manufacturer's instructions. Subsequently, real time qPCR 2 was carried out using SsoFast TM EvaGreen Supermix (Bio-Rad) in a RotorGene 6000 PCR detection system (Corbett Life Science). Conditions for qPCR were as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for 20 s. Primer sequences are listed in Table 1 .
Chromatin Immunoprecipitation-Protein complexes were cross-linked to DNA by adding formaldehyde directly to tissue culture medium to a final concentration of 1%. Cross-linking was allowed to proceed for 10 min at room temperature and stopped by the addition of glycine to a final concentration of 0.125 M. Cross-linked cells were harvested, washed with PBS, pelleted by centrifugation for 5 min at 4°C, and lysed in nuclear lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1, supplemented with 1 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, and 2 g/ml pepstatin, for 10 min on ice. The resulting chromatin solution was sonicated for five pulses of 20 s to generate 300 -500-bp DNA fragments. After centrifugation for 10 min at 4°C, the supernatant was immunocleared by incubation with protein A-Sepharose beads for 1 h at 4°C. Immunocleared chromatin was immunoprecipitated overnight with 2 g of the indicated antibodies. Antibody-protein-DNA complexes were then isolated by immunoprecipitation with 40 l of protein A-G-agarose beads (Santa Cruz Biotechnology), overnight with rotation at 4°C. The beads were washed three times for 10 min each with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl, pH 8.1), high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris-HCl, pH 8.1), and LiCl wash buffer (0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1), and twice in TE buffer. Complexes were then eluted twice in 150 l of elution buffer (1% SDS, 0.1 M NaHCO 3 ) by incubating at 65°C for 15 min. To reverse cross-linking, 0.2 M NaCl, and 1 l of 10 mg/ml RNaseA was added to each sample, and they were incubated at 65°C overnight. Following this, 5 mM EDTA and 2 l of 10 mg/ml proteinase K was added, and samples were incubated for at 45°C for 2 h. DNA was recovered using the QIAquick spin columns (Qiagen) as per the manufacturer's protocol. Quantification was performed by qPCR, as described above.
Histone Acetylation-Histone proteins were extracted as previously described (51) . Briefly, HuH7 cells were serum-starved and stimulated in the presence or the absence of TGF␤ or 1 M trichostatin A. Cells were harvested and resuspended in cold hypotonic lysis buffer (10 mm Tris-HCl, pH 8.0, 1 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, protease inhibitors, 1 M trichostatin A, and 10 mM sodium butyrate). Cell lysates were centrifuged at 10,000 ϫ g at 4°C for 10 min, and nuclei pellets were resuspended in 400 ml of 0.4 N H 2 SO 4 and incubated overnight on a rotator at 4°C. Samples were centrifuged at 16,000 ϫ g for 10 min, and supernatants containing histones were transferred into a fresh tube. 132 ml of trichloroacetic acid was added drop by drop to the histone solution, inverted several times, and then incubated on ice for 30 min. The histone precipitates were centrifuged at 16,000 ϫ g for 10 min, and pellets were washed twice with ice-cold acetone, and the histone pellets were air-dried for 20 min. Total histone proteins were subjected to Western blot analysis using an acetylated lysine antibody (Cell Signaling).
Statistical Analysis-The results are expressed as means Ϯ standard deviation of at least three independent experiments. Statistical differences were determined by two-tailed unpaired t test. p Ͻ 0.05 was considered statistically significant.
Results

TGF␤ Induces Autophagy in Human Hepatocarcinoma Cell
Lines-We first assessed the autophagy response to TGF␤ in two human hepatocarcinoma cell lines: HuH7 and HepG2. For this, we initially examined whether TGF␤ treatment induced the conversion of cytosolic LC3-I to the lipidated LC3-II form, which is localized in the autophagosome membrane and is widely used as a marker of autophagy in mammalian cells (43) . Immunoblotting analyses revealed an up-regulation in the endogenous protein level of LC3-I and a clear accumulation of LC3-II isoform in cells treated with TGF␤ for 24 h (Fig. 1A) . We also examined the expression of two key autophagic regulators, Beclin-1 and p62, in response to TGF␤ in both cell lines. Although Beclin-1 is required for the initiation of autophagosome formation (44) , p62 links ubiquitinated proteins to the autophagy machinery and enables their degradation in lysosomes (45) . As such, p62 levels are preferentially degraded by autophagy. Accordingly, we found that TGF␤ treatment in HuH7 and HepG2 cells resulted in an increase in Beclin-1 and loss of p62 protein expression levels, supporting that the idea that TGF␤ induces autophagy in these cells.
To further corroborate the activation of autophagy, we employed a GFP-tagged LC3 plasmid (pEGFP-LC3) to monitor the cellular localization of LC3. Fluorescent GFP-LC3 is used extensively to measure autophagy because it displays a diffuse cytoplasmic distribution (corresponding to the LC3-I form) under normal conditions, and a distinctly punctate distribution once LC3 is lipidated and integrated into the autophagosome membrane (LC3-II form) under autophagy-inducing conditions (46) . For this, HuH7 cells were stably transfected with pEGFP-LC3, and the expression pattern of LC3 was examined 
The pRb/E2F1 Pathway Mediates TGF␤-induced Autophagy before and after TGF␤ treatment. In the absence of TGF␤, only occasional puncta were detected, representing a basal level of autophagy. In contrast, TGF␤ treatment markedly increased punctate distribution (Fig. 1B) . Taken together, these data indicate that TGF␤ acts as a potent inducer of autophagy in these cells. TGF␤ Transcriptionally Mediates Autophagy in an E2F1dependent Manner-Autophagy is regulated by numerous autophagy-related genes (ATGs) that function collaboratively in autophagy initiation and progression. We then investigated whether TGF␤ transcriptionally modulates the expression levels of various genes involved in different steps of the autophagy process. Our results indicate that TGF␤ regulates multiple autophagy-related genes in HuH7 cells ( Fig. 2A, upper panel) but that there is in fact no functional distinction in the genes that are regulated. This suggests that TGF␤ plays a more general role in promoting autophagy rather than specifically targeting one phase or function. Importantly, in addition to assessing known TGF␤ target genes (Beclin-1, DAPK, ATG5, ATG7, and MAP1LC3), we uncovered a number of novel TGF␤-targeted autophagy regulators (PIK3C3, ULK1, ULK2, GABARAP, ATG4b, ATG12, and ATG14). Many of these genes were also transcriptionally induced by TGF␤ in HepG2 cells, as well as human non-small cell lung carcinoma cells (H1299) ( Fig. 2A,  middle and lower panels) . These results indicate that the autophagy response to TGF␤ is not limited to hepatocarcinoma but applies to other types of human cancer cell types. In addition, we measured the expression levels of B-cell lymphoma 2 (Bcl-2), an anti-apoptotic protein that also inhibits autophagy by binding and sequestering Beclin-1 (29) . We found that TGF␤ treatment transcriptionally repressed Bcl-2 expression, thus further contributing to the activation of autophagy in these cells (Fig. 2B) .
In previous studies from our laboratory, we identified E2F1 as a critical transcriptional co-regulator of multiple TGF␤-targeted genes involved in tumor suppression, leading to apoptosis as well as inhibition of cell immortalization (6, 38) . We therefore assessed whether E2F1 could also contribute to the transcriptional regulation of autophagy-related genes in response to TGF␤. Quite remarkably, loss of E2F1 expression by siRNA significantly impaired the TGF␤-mediated regulation of most of these target genes in both HuH7 and H1299 cells (Fig. 3A) . Efficiency of the E2F1 knockdown was assessed by real time qPCR and Western blot (Fig. 3B) . These data indicate that E2F1 plays a central role downstream of TGF␤-mediated transcriptional activation of autophagy regulatory genes. In addition to providing novel TGF␤ targets, these data also highlight a novel pathway by which TGF␤ regulates autophagy regulatory genes and potentially the autophagy process itself. To further address this, we silenced E2F1 expression and examined the activation of autophagy by TGF␤, as assessed previously. As shown in (Fig. 3C ), loss of E2F1 expression strongly attenuated the autophagy response to TGF␤, as measured by the induction of Beclin-1, degradation of p62, and accumulation of LC3-II, at the protein level. Moreover, E2F1 knockdown markedly and significantly reduced the number of GFP-LC3 puncta observed in response to TGF␤ treatment (Fig. 3D ). Our results here suggest that E2F1 regulates TGF␤-mediated autophagy through the transcriptional control of autophagy-related genes.
Polager et al. (47) established a role for E2F1 in DNA damage-induced autophagy, identifying ATG5, MAP1LC3, ULK1, and DRAM (DNA damage-regulated autophagy modulator) as E2F1 transcriptional targets. Intriguingly, they found not only E2F1 but also E2F4 to be associated with these gene promoters (47) . Given their results, and because E2F4 also acts downstream of TGF␤ signaling to regulate cell growth arrest through transcriptional modulation of cell cycle genes (4, 48), we investigated whether E2F4 could also regulate these autophagy genes in response to TGF␤. Interestingly, we found that silencing E2F4 expression by means of siRNA had no significant effect on the regulation of these genes by TGF␤ ( Fig. 3E, left panel) . As a control, we also measured c-myc expression levels and, as expected, E2F4 knockdown partially impeded the down-regulation of c-myc by TGF␤ (Fig. 3E, right panel) . Taken together, these data indicate that E2F1, but not E2F4, plays a role in TGF␤-mediated induction of autophagy-related genes, suggesting that the autophagy response to TGF␤ is not only dependent on but also specific to E2F1. This also indicates that TGF␤mediated and DNA damaged-induced autophagy processes occur through distinct mechanisms.
TGF␤-induced Activation of Autophagy Acts through pRb/ E2F1 Signaling-Having previously established that TGF␤ regulates apoptotic gene expression via a transcriptionally active pRb-E2F1-P/CAF complex (6) , we sought to determine whether these components could also be involved in regulating autophagy genes in response to TGF␤. In support of this, a recent study showed that pRb overexpression could induce autophagy (26) . Using pRb restoration in pRb-deficient cells, Jiang et al. (26) demonstrated that pRb activates the autophagy response and that pRb binding to E2F1 is required for autophagy induction. Accordingly, we first speculated whether an E2F1 mutant that is deficient for pRb binding (E2F1 Y411C) would lose the capability to induce autophagy in response to TGF␤, by acting as a dominant negative when overexpressed. Interestingly, we found that ectopic expression of E2F1 Y411C suppressed the transcriptional activation of multiple autophagy genes in response to TGF␤ (Fig. 4A ), suggesting that pRb binding to E2F1 is indeed required for TGF␤-induced autophagy. This parallels our previous study in which we found pRb-E2F1 association to also be required for TGF␤-induced apoptosis (6) .
We subsequently addressed the contribution of pRb to TGF␤-mediated autophagy. As shown in (Fig. 4B) , knockdown of pRb expression significantly reduced the number of GFP-LC3 puncta observed in response to TGF␤, indicating impaired autophagosome formation by TGF␤ in the absence of pRb. Moreover, the transcriptional induction of a number of autophagic genes in response to TGF␤ was also notably impaired when pRb expression was silenced by RNA interference ( Fig. 4C ). Efficiency of pRb knockdown was assessed by real time qPCR and Western blot (Fig. 4D) .
TGF␤-induced Activation of Autophagy Requires the Histone Acetyltransferase P/CAF-Gene transcription downstream of TGF␤ signaling may be co-regulated by histone acetyltransferases such as p300/CBP and P/CAF (1, 2, 6, 49 -51) . In a recent study, we showed that P/CAF is involved in the transcriptional induction of numerous apoptotic genes in response to TGF␤ (6) . We thus assessed the requirement for this histone acetyltransferase P/CAF to TGF␤-mediated autophagy. As shown in (Fig. 5A ), loss of P/CAF expression similarly suppressed the induction of multiple autophagy genes by TGF␤. Efficiency of the P/CAF siRNA was assessed by qPCR and Western blot (Fig. 5B ). TGF␤induced protein histone acetylation requires P/CAF. Indeed, as shown in Fig. 5C , when P/CAF gene expression is knockdown by means of siRNA, TGF␤ no longer induces histone acetylation, further emphasizing the role and contribution of P/CAF to TGF␤-mediated transcriptional activation of the autophagy genes. The Smad pathway is central to TGF␤mediated autophagy. As shown in Fig. 5D , knocking down Smad3 with a specific siRNA drastically impaired the TGF␤ effect on Beclin-1, DAPK, ATG1/ULK1, and MAP1LC3 gene expression. Efficiency of the Smad3 siRNA knockdown was assessed by qPCR and Western blot (Fig. 5E) .
To further address the role and contribution of P/CAF to TGF␤-mediated autophagy, we then assessed the functional relevance of the TGF␤ induced pRb-E2F1-P/CAF complex in regulating TGF␤ transcriptional responses. For this, we performed chromatin immunoprecipitation assays to determine whether this complex is recruited to the autophagy target gene promoters in response to TGF␤. As shown in Fig. 6 , TGF␤ treatment markedly induced recruitment of all three partners (E2F1, pRb, and P/CAF) to the ATG1/ULK1, LC3, Beclin-1, and ATG7 gene promoters, concurring with the TGF␤-mediated increase in the mRNA levels of these autophagy genes and further activation of the autophagy program. As negative controls, ChIP assays using control IgG and E2F4 antibodies showed no FIGURE 3 . TGF␤ activation of autophagy acts through E2F1. A, HuH7 and H1299 cells were transiently transfected with siRNA against E2F1 or a control nonsilencing siRNA and stimulated with TGF␤ for 24 h. mRNA levels for the specified autophagy genes were measured by real time qPCR analysis. The results are normalized to GAPDH and shown relative to levels observed in untreated cells (set to 1). The data are represented as means Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01. B, HuH7 cells were transiently transfected with a control nonsilencing siRNA or siRNA against E2F1 and E2F1 mRNA levels (left panel), and protein levels (right panel) were determined by real time qPCR and Western blot analysis, respectively. The data are represented as means Ϯ S.D. ***, p Ͻ 0.001. C and D, following siRNA transfection, HuH7 cells were treated or not with TGF␤ and LC3 conversion (C) and GFP-LC3 puncta formation (D) were analyzed by immunoblotting and fluorescence microscopy, respectively. The effect of E2F1 knockdown on Beclin-1 and p62 expression was also evaluated by immunoblotting (C). E and F, HuH7 cells were transiently transfected with siRNA against E2F4 or a control nonsilencing siRNA and stimulated with TGF␤ for 24 h. The mRNA levels for the indicated genes were measured as in A. **, p Ͻ 0.01; (***, p Ͻ 0.001. E, middle and right panels, E2F4 mRNA levels (middle panel) and protein levels (right panel) were determined by real time qPCR and Western blot analysis. . TGF␤ activation of autophagy acts through pRb/E2F1 signaling. A, HuH7 cells transiently transfected with empty vector or an E2F1 mutant deficient for pRb binding (E2F1 Y411C) treated with TGF␤ for 24 h. Levels of mRNA expression of the specified genes were determined by real time qPCR analysis. The results are normalized to GAPDH and shown relative to levels observed in untreated cells (set to 1). B, GFP-LC3 puncta formation was analyzed by fluorescence microscopy and quantified as described previously. C, HuH7 cells were transiently transfected a control nonsilencing siRNA or siRNA against pRb and stimulated with TGF␤ for 24 h. The mRNA levels for the indicated genes were determined by real time qPCR analysis. The data are represented as mean Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01. D, HuH7 cells were transiently transfected with a control nonsilencing siRNA or siRNA against pRb and pRb mRNA levels (left panel) and protein levels (right panel) were determined by real time qPCR and Western blot analysis. JANUARY 29, 2016 • VOLUME 291 • NUMBER 5
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TGF␤ effect on the autophagy gene promoters. As shown in Fig.  6 (bottom panel) , the ␤-actin promoter was used as a negative control locus.
Collectively, these findings support a role for pRb and P/CAF downstream of TGF␤ in the transcriptional activation of autophagy genes and the mediation of autophagy and indicate that a transcriptionally active pRb-E2F1 complex plays a role in mediating the TGF␤ autophagy response.
Discussion
The balance between cell proliferation and cell death is central to many fundamental physiological processes. As such, deregulation of this balance has been linked to the pathogenesis of multiple diseases. Mounting evidence indicates that autophagy is a key programmed mechanism that controls cell survival and cell death, thus playing a pivotal role in maintaining cellular homeostasis and, consequently, in many biological and pathological processes, including carcinogenesis (21, 29, 32) .
Autophagy has been implicated in promoting tumor development by enabling tumor cells to temporarily survive stressful environmental conditions. Paradoxically, several studies have also demonstrated a tumor suppressive function for autophagy. Indeed, several genetic links have emerged between perturbations of autophagy and cancer development. For instance, monoallelic deletion of Beclin-1 is frequently observed in FIGURE 6. TGF␤ induces recruitment of all three partners (E2F1, pRb, and P/CAF) to autophagy gene promoters. HuH7 cells were untreated or treated with TGF␤ for the indicated times and the binding of E2F1, pRb, and P/CAF to the LC3, Beclin-1, ATG1/ULK1, and ATG7 gene promoters was determined by ChIP. For negative controls, ChIP assays using control IgG and E2F4 antibodies, as well as a negative control locus (␤-actin promoter) were performed.
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human breast, ovarian, and prostate cancers (29, 32) . Correspondingly, heterozygous disruption of Beclin-1 in mice has been shown to promote spontaneous tumor formation (30, 52) . Another recent study indicated that Beclin-1 expression levels were significantly decreased in hepatocarcinoma tissues compared with adjacent normal tissues (21) . Moreover, deletion of the Beclin-1-binding protein UVRAG (53) or other autophagyrelated genes, such as ATG4C (31), ATG5, and ATG7 (54), also resulted in accelerated tumorigenesis.
TGF␤ is a multifunctional cytokine that regulates cell proliferation as well as cell death, acting as an essential homeostatic mediator in various cell types and tissues. Similar to autophagy, TGF␤ plays bidirectional and paradoxical roles in tumor suppression and tumor progression. Further adding to this dichotomy, TGF␤-mediated induction of autophagy may lead to cell survival or cell death in a context-dependent manner. The mechanisms by which TGF␤ regulates autophagy are not well established. TGF␤ generally signals in a cell type-and contextspecific manner, and its regulation of autophagy is no exception. In primary mouse mesangial cells, TGF␤ induces autophagy through activation of the TAK1-MKK3-p38 signaling axis, acting as a cytoprotective mechanism against serum deprivation-induced apoptosis (39, 55) . Conversely, TGF␤ induces autophagy in bovine mammary gland epithelial cells and neonatal piglet gut epithelium, leading to autophagic cell death (PCD type II) (40, 56) . Moreover, autophagy activation by TGF␤ in hepatocellular carcinoma cells is mediated through the Smad and JNK pathways and contributes to the growth inhibitory effect of TGF␤ in these cells (33) . Clearly, the underlying mechanisms induced by TGF␤ to regulate cell fate remain to be fully elucidated.
In the present study, we uncovered a novel pathway of TGF␤-mediated autophagy in various cancer cell lines. We found that autophagosome initiation and maturation by TGF␤ is dependent on the pRb/E2F1 pathway. We further determined that TGF␤ potentially regulates autophagy through transcriptional activation of numerous autophagy-related genes in a pRb/E2F1-dependent manner and that this transcriptional effect also relies on the histone acetyltransferase P/CAF.
To identify novel features of TGF␤-induced autophagy, we investigated the transcriptional regulation of a wide range of autophagy-related genes in response to TGF␤ treatment. In addition to known TGF␤ target genes, our analysis revealed a number of novel and potent TGF␤ transcriptional targets, namely PIK3C3, ULK1, ULK2, GABARAP, ATG4b, ATG12, and ATG14. These autophagy-related gene products function cooperatively to facilitate autophagy initiation and maturation, indicating that the transcriptional regulation of autophagy by TGF␤ is multifaceted. Moreover, our data provide further support for the premise that autophagy is regulated at the transcriptional level.
In the present study, we demonstrate that the transcriptional regulation of autophagy genes and induction of autophagy by TGF␤ is E2F1-and pRb-dependent. Our data provide strong evidence for the importance and specificity of E2F1 in the autophagy response to TGF␤ and propose a novel pathway by which TGF␤ regulates autophagy activation. The E2F family of transcription factors has been reported to play essential roles in autophagy activation. The transcriptional activity of E2F1 was previously shown to be required for DNA damage-induced autophagy in osteosarcoma cells by upregulating the expression of ATG5, MAP1LC3, ULK1, and DRAM (47) . Moreover, BNIP3 (BCL2/adenovirus E1B 19-kDa protein-interacting protein 3) was identified as a direct transcriptional target of E2F1 that is involved in hypoxia-induced autophagy cell death (57) . Interestingly, Beclin-1 appears to be regulated by multiple E2F members, because most E2F members occupy the Beclin-1 promoter (58) , and both E2F1 and E2F3 have been shown to transactivate the Beclin-1 promoter by reporter assay (59) . Recently, Kusama et al. (60) amplified and cloned the putative promoter regions of 23 human autophagy genes, more than half of which were found to be regulated by E2F1 in HeLa cells. These studies strongly support that the E2F transcription factors potentially act as major autophagy regulators. Because our data implicate E2F signaling as an essential regulatory axis through which TGF␤ mediates autophagy, this suggests that TGF␤ may also represent a major player in autophagy regulation. Although our data suggest that E2F4 is not involved in the induction of autophagy-related genes by TGF␤, further investigation of the contribution of other E2F members to TGF␤-mediated autophagy would be of interest.
The results of our current study, taken together with our previously established role for pRb/E2F1 in TGF␤-mediated apoptosis, suggest that the pRb/E2F1 pathway regulates both apoptosis and autophagy in response to TGF␤. Thus, it is conceivable that autophagy and apoptosis are co-regulated at the transcriptional level downstream of TGF␤ signaling. Accordingly, an increasing number of reports suggest that there is indeed a complex interplay between autophagy and apoptosis, evidenced by the extensive molecular cross-talk between autophagy-related and apoptosis-related proteins. In this regard, several ATG proteins have been reported to engage the apoptotic pathway (61-63), whereas depletion of key autophagy regulators or pharmacological interference with autophagy has been shown to mitigate apoptosis (64). Conversely, several apoptotic proteins have been shown to regulate the autophagy process. As mentioned previously, anti-apoptotic Bcl-2 directly binds Beclin-1, inhibiting its autophagy activity (28) . Interestingly, a number of apoptotic proteins may in fact promote autophagy induction by enabling the dissociation of Beclin-1 from Bcl-2. This is mediated through competition with Beclin-1 for Bcl-2 binding by various BH3-only proteins (65, 66) or through post-translational modifications of Beclin-1 or Bcl-2 mediated by DAPK, JNK, or TRAF6 (67) (68) (69) . Although autophagy and apoptosis are correlated in a number of contexts, the causal relationships often remain unclear. It will be important, in future studies, to further characterize the mechanisms by which the autophagy process might be coupled to apoptotic cell death and to identify candidate molecules linking autophagy to apoptosis downstream of TGF␤ signaling.
In summary, our data indicate that TGF␤ signaling and the pRb/E2F1 pathway induce autophagy through transcriptional activation of multiple autophagy-related genes, acting at different stages of the autophagy process. These findings provide new insights for mechanisms of autophagy regulation downstream of TGF␤ signaling and, combined with our previous studies, further highlight the central role played by the pRb/ E2F1 pathway downstream of the TGF␤ tumor suppressive responses. Both TGF␤ and autophagy are involved in numerous diverse physiological effects that may influence multiple important fields beyond cancer research, such as immune regulation and neurodegeneration. Accordingly, autophagy might contribute to various TGF␤-mediated biological functions. Further elucidation of the molecular mechanisms by which TGF␤ regulates cell fate through autophagy may thus provide a better understanding of the physiological and pathological roles of TGF␤ signaling pathways.
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